Background: Dietary canthaxanthin (CX), 25-hydroxycholecalciferol (25-OH-D 3 ) and vitamins have been widely reported to be involved in productive and reproductive performance of broiler breeders. However, limited information is available for duck breeders. In this study, a total of 1,560 Cherry Valley SM3 duck breeder females and 312 males were used to assess if the addition of CX and 25-OH-D 3 could increase the performance of duck breeders under two different dietary vitamin regimens. Four diets were used under a 2 × 2 factorial arrangement with 2 kinds of vitamin premixes (REGULAR and HIGH; HIGH premix had higher levels of all vitamins except K 3 than REGULAR premix), and with or without the supplementation of the mixture of CX (6 mg/kg) and 25-OH-D 3 (0.069 mg/kg). The ducks were fed ad libitum with pelleted diets based on corn-soybean meal from 38 to 77 wk of age.
Background
Breeder poultry dietary vitamins must be provided in the correct amount and form for optimal animal health and productivity. However, vitamin requirements of duck breeders have been rarely researched in recent decades. Although the vitamin requirements for White Pekin duck breeders were given by NRC (1994) [1] , the recommendations for most vitamins were estimated based on values obtained from other ages or species, and have often been criticized to bear little relationship with the levels currently used in the industry. In commercial farms, the duck breeders' vitamin supplementation is always based on recommendations for broiler breeders, and some of the vitamins are formulated into premix without considering the interaction between vitamins [2, 3] . Unbalanced composition of the premix decreases the utilization efficiency of vitamins and does not show an accurate picture of the productive and reproductive potential of duck breeders [4, 5] . A rational use of dietary vitamin premix might be beneficial for poultry producers.
Canthaxanthin (CX, an important carotenoid) and 25-hydroxycholecalciferol (25-OH-D 3 , one of the vitamin D 3 metabolites) are also potential dietary factors that could be used to benefit the health and performance of poultry breeders. Canthaxanthin is a powerful immunostimulant [6] and antioxidant [7] , and it plays important roles in signaling secondary sexual characteristics in animals [8] . Surai et al. [7] and Zhang et al. [9] reported that CX could modulate the antioxidant status and positively influence the performance of broiler breeders. Rosa et al. [10] confirmed that dietary CX supplementation could increase the fertility and hatchability of broiler breeders. The nutritional role of 25-OH-D 3 has received considerable attention because of its involvement in calcium-phosphorus metabolism and immune response [11] . The use of 25-OH-D 3 has been reported to increase egg production, shell quality, hatchability and progeny health of hens [12] [13] [14] [15] . Based on these reports, we hypothesized that the diet presently used in the duck breeder industry will be insufficient in CX and 25-OH-D 3 for productive and reproductive goals.
In the present study, productive, reproductive performance, antioxidant status and serum calciumphosphorus levels of Cherry Valley duck breeders from 38 to 77 wk were assessed to examine the influence of supplementation of CX and 25-OH-D 3 under two different dietary vitamin regimens.
Methods

Trial design and diets
There were four dietary treatments in a 2 × 2 experimental arrangement with two vitamin premixes (REGULAR and HIGH) and with or without the supplementation of the mixture of CX (6 mg/kg) and 25-OH-D 3 (0.069 mg/kg). The REGULAR level premix was formulated to simulate a commercial premix used in the duck industry in China; and the HIGH premix was designed according to the recommendations in SM3 Commercial Duck Management Manual [16] which is in good match with the DSM Vitamin Supplementation Guidelines (reported as optimum vitamin nutrition for animals) recommended by DSM Nutritional Products Ltd. [17, 18] . All the vitamins, CX and 25-OH-D 3 used in the present trial were provided by DSM (China) Ltd. (Chengdu, Sichuan Province, P. R. China). Each treatment contained 3 pens with 130 females and 26 males per pen. In total, 1,560 breeder females and 312 males were fed cornsoybean meal-based pelleted diets (particle size = 4.5 mm) from 38 to 77 wk of age (Table 1) .
Bird care
The trial was conducted at Jinyan breeding farm in Mianzhu, Sichuan Province, P. R. China. Duck breeders were fed on straw litter floors (7 m × 7 m) with an outside area (7 m × 10.5 m) including a swimming pool (1 m × 2 m × 0.4 m in width × length × depth), a drinker and a feeder. There were no other vitamins or drugs used beyond the feed. Feed and water were supplied ad libitum, and a 17 light: 7 dark photo-period was used during the trial. Experimental procedures were approved by the Animal Care and Use Committee, Sichuan Agricultural University.
Laying performance and egg quality
Eggs from each pen were collected every morning, identified and recorded. Setting eggs were stored for a maximum period of 7 d at 15 to 16°C and 70 to 75 % RH until transferred to the incubator. The laying performance (daily laying rate, daily feed intake, egg weight, total egg mass, feed: egg ratio and cracked eggs) per pen was calculated weekly. A DSM Color Fan™ (DSM Ltd.) was used on the last d of wk 4, 8, 12, 16, 24, 
Incubation conditions
At wk 8, 12, 16, 20, 24, 28, 32, 36 and 40 of the trial, 126 setting eggs per pen were randomly chosen to determine the fertility and hatchability. The incubation was conducted with a commercial incubator (Yiai 12096, made in Qingdao, China). The temperature was controlled as 37.8, 37.6 and 37.5°C during d 1 to 14, 15 to 21 and 22 to 25 of incubation at 60 % humidity. We candled eggs at d 7 of incubation to determine the fertility (expressed as the percentage of fertilized eggs in incubated eggs). At d 26 of incubation, eggs were transferred to a hatcher with 36.5°C and 70 % RH to complete the incubation process. At d 28, ducklings were removed from the hatcher, then recorded, weighed and their health status was assessed. Ducklings were considered healthy when they were clean and dry, were free of abnormalities, had complete umbilical scarring, and had bright eyes. The hatchability of fertile eggs was expressed as the number of ducklings obtained from every 100 fertilized eggs, the hatchability of setting eggs was expressed as the number of ducklings obtained from every 100 incubated eggs, and the hatchability of total eggs was expressed as the number of ducklings obtained from every 100 eggs laid by duck breeders. Otherwise, the incubation data from each pen throughout the 40 wk trial was summarized, and the following traits were calculated: fertilized eggs per housed female, ducklings per housed female, and healthy ducklings per housed female.
Serum and yolk analysis
After 40 wk of the laying trial, 9 females (3 females were taken from each of the three pens) and 6 males (2 males were taken from each of the three pens) per treatment were randomly chosen and bled for the determination of antioxidant status. Blood from wing veins was taken by sterilized needles and allowed to clot at room temperature for 2 h before centrifuged at 1,200 × g for 10 min at 4°C to obtain serum. Serum samples were stored at −20°C until analyzed for calcium, phosphorus and antioxidant status. In addition, at wk 8, 16, 24, 32 and 40 of the trial, 12 eggs (4 eggs were taken from each of the three pens) per treatment were randomly chosen and the yolk of each egg was separated and stored at −20°C for analysis. Malondialdehyde (MDA) and protein carbonyl were used to evaluate the antioxidant status of serum and yolk.
Serum and yolk were treated with thiobarbituric acid to generate a colored product to measure MDA (as a measure of lipid oxidation) content. Colorimetric method was used to measure the colored product at 532 nm [19] .
Serum and yolk protein carbonyl contents were measured using a modification of the method reported by Reznick et al. [20] . Briefly, samples were dissolved using a dinitrophenylhydrazine (DNPH)-HCl solution (blanks were conducted simultaneously by using HCl alone), vortexed for 1 min, then heated in a 37°C water bath for 30 min in darkness. After the water bath process, proteins were precipitated using trichloroacetic acid and the sediments were washed four times with an absolute ethyl alcohol/ethyl acetate mixture (1:1). Washings were carried out by vortexing of the sediments in the washing solution, and centrifugation at 13,800 × g for 10 min at 4°C. Finally, the sediments were solubilized in 6 Mguanidine-HCl solution and the absorbance was 
Statistical analysis
Data were analyzed by ANOVA as a 2 × 2 factorial using GLM procedures of SPSS 17.0 (SPSS Inc., Chicago, IL). The main effects (vitamin premix, mixture of CX and 25-OH-D 3 ) and interactions between the two factors were carried out. Duncan's test was applied when any of the interactions showed significance. Pen was the experimental unit. Data are shown as the LSmeans and pooled SEM. The results were considered significantly different at P ≤ 0.05.
Results
Laying performance
The laying performance of duck breeders is presented in Table 2 . Neither vitamin premix nor the mixture of CX and 25-OH-D 3 affected daily laying rate, daily feed intake, egg weight, total egg mass and feed: egg ratio of duck breeders (P > 0.05). However, the supplementation of the mixture of CX and 25-OH-D 3 increased the bill pigmentation (P < 0.001) and shank pigmentation (P < 0.001) of breeder males. Moreover, the cracked egg rate was decreased (P = 0.001) by the addition of the mixture of CX and 25-OH-D 3 , and a significant interaction (P = 0.038, vitamin premixes × mixture of CX and 25-OH-D 3 ) was observed in cracked egg rate which was minimized when breeders were fed with HIGH vitamin premix together with the supplementation of the mixture of CX and 25-OH-D 3 . There were no interactions in other laying traits (P > 0.05).
Egg quality
Supplementation of the mixture of CX and 25-OH-D 3 significantly increased the yolk pigmentation (P < 0.001, Table 3 ). Interaction between vitamin premix and the CX and 25-OH-D 3 mixture was found in shell thickness (P = 0.011). HIGH vitamin premix together with the mixture of CX and 25-OH-D 3 significantly increased egg shell thickness.
Fertility and hatchability
Dietary HIGH vitamin premix increased the hatchability of fertile eggs (P = 0.029, Table 4 ) and the hatchability of total eggs (P = 0.029). However, individual or interactive effects of vitamin premix and the CX and 25-OH-D 3 mixture were not found (P > 0.05) in the following traits: fertility, fertilized eggs per housed female, hatchability of setting eggs, ducklings per housed female, healthy ducklings, healthy ducklings per housed female, and 1-d-old weight of ducklings.
Antioxidant status
HIGH vitamin premix decreased the MDA level of egg yolks (P < 0.001) and the serum protein carbonyl level of males (P = 0.037, Table 5 ). The MDA level of egg yolks (P = 0.034) and male serum (P = 0.034) were decreased with the supplementation of the CX and 25-OH-D 3 mixture in feed. However, the antioxidant status of breeder females was not affected (P > 0.05) by the two experimental factors. No significant interactions were observed in the antioxidant status traits (P > 0.05). 
Serum calcium and phosphorus
Serum calcium levels of breeder females were greatly increased (P = 0.010, Table 6 ) by the supplementation of the mixture of CX and 25-OH-D 3 in diet. Interaction between vitamin premix and the CX and 25-OH-D 3 mixture was found to influence the serum phosphorus of breeder females (P = 0.026). Decreased level of serum phosphorus was observed in duck breeder females under REGULAR vitamin premix without the addition of the CX and 25-OH-D 3 mixture. There were no differences (P > 0.05) between treatments in serum calcium and phosphorus levels of males.
Discussion
Studies of the application of 25-OH-D 3 in laying hen diets containing higher than NRC (1994) [1] recommended level of vitamin D 3 remain controversial. Roland and Harms [22] reported that the supplementation of 25-OH-D 3 (1.1 mg/kg) had no significant effect on the laying performance of hens fed a basal diet containing 2200 IU/kg vitamin D 3 . However, Torres et al. [23] found that the supplementation of 25-OH-D 3 (0.035 or 0.069 mg/kg) in diets containing 2000 IU/kg vitamin D 3 resulted in increased egg shell quality. In the study of Zang et al. [24] , hens fed a diet containing 2500 IU/kg vitamin D 3 and 0.035 mg/kg 25-OH-D 3 had a reduced number of cracked eggs when compared with a diet containing 2400 IU/kg vitamin D 3 without 25-OH-D 3 . Similarly, in this study, dietary supplementation of the CX and 25-OH-D 3 mixture made no effect on egg production; but decreased cracked egg percent of duck breeders, even both the Regular and the High vitamin premixes had higher level of vitamin D 3 than NRC (1994) [1] recommendation. In these studies, different responses to 25-OH-D 3 supplementation were observed when the desired criteria were changed. Response in egg shell quality occurred with 25-OH-D 3 supplementation above the requirement for egg production. Interestingly, lowest cracked egg rate and highest shell thickness were achieved in the highest total vitamin D supplementation group (HIGH premix together with the CX and 25-OH-D 3 mixture). Based on these data, we speculate that a reevaluation of the NRC (1994) [1] vitamin D 3 recommendation (900 IU/kg) for duck breeders might be needed when using egg shell quality as the parameter. In this study, the supplementation of the mixture of CX and 25-OH-D 3 also increased female serum calcium level, which may partially account for the increased shell quality [25] . In REGULAR vitamin premix groups, the increased female serum phosphorus induced by CX and 25-OH-D 3 supplementation may be explained by increased intestinal phosphorus absorption because of increased 1, 25 dihydroxyvitamin D 3 synthesis [26] . Higher than NRC (1994) [1] levels of vitamins have many times been reported to reveal no beneficial effects on egg production of laying hens [15, 22, 24] . However, hens revealed to have greater vitamin requirements for hatchability than for laying, as increased hatchability was achieved by maternal supplementation of high levels of vitamins [27, 28] . Similarly, in the current study, maternal HIGH vitamin premix made no effects on egg production, but increased the hatchability of fertile eggs and the hatchability of total eggs. In the avian system, the embryo develops outside the maternal body, and all the nutrients required by the embryo are pre-deposited inside the egg during egg formation. A balanced nutritional status of breeder eggs is essential for the development of embryo [29, 30] . In the current study, the increased levels of vitamins in HIGH premix may have helped to modify the vitamin composition of duck breeder eggs [7, 24, 31] , and benefit the embryo development. Egg production has long been used as the key criteria to evaluate the vitamin requirement of hens. However, parameters for assessing needs are now more complex as more and more focus goes to the reproductive efficiency and health of offspring [15, 28, 32] . Information on vitamin requirements of duck breeders is surprisingly lacking in recent years. Our data indicates that the current REGULAR vitamin premix provides enough vitamins for the laying performance of duck breeders; however, more vitamins might be required for breeding purposes (e.g. hatchability). In addition, the vitamin levels in the current HIGH vitamin premix are in accordance with the commercial recommendations for broiler breeders [17, 33] . Thus, our results indicate that duck breeders probably have similar vitamin requirements as broiler breeders for reproductive performance. Many vitamins (e.g., vitamin A, C, E, and B1) and pigments (e.g., carotenoids) have been reported to exert antioxidant activity [9, 10, 28, 34] . In this study, either HIGH vitamin premix or the supplementation of the mixture of CX and 25-OH-D 3 decreased the level of MDA, a lipid peroxidation product, in breeder egg yolk. Chicken embryo is known to undergo reactive oxygen species (ROS) formation and lipid peroxidation during the incubation period due to its high polyunsaturated fatty acid contents [35] . The decreased MDA level in egg yolk may further help to reduce the lipid peroxidation and increase the health status of the developing embryo [36] . These data also offer an approach to reduce the economic loss caused by high temperature stress or long-term breeder egg storage, which may increase lipid peroxidation status of breeder eggs and reduce hatchability [33, 37] . The role of CX in yolk pigmentation has been well characterized [38] . Similarly, in the current study, yolk pigmentation was increased by the addition of the mixture of CX and 25-OH-D 3 .
In the present study, the antioxidant and pigmentation status of duck breeder males showed the same trend like the egg yolks as affected by ether HIGH vitamin premix or the supplementation of the CX and 25-OH-D 3 mixture. In male animals, it is well established that an enhanced antioxidant status correlates with increased semen quality [39] . The current results indicate a potential role of dietary antioxidants in improving the reproductive performance of duck breeder males. The [8, 40] and worth further investigation. Interestingly, no effects were observed in antioxidant and pigmentation (data not shown) status of duck breeder females. It is noteworthy that maternal dietary antioxidants and pigments could be effectively transferred to the egg yolk, subsequently absorbed into the developing embryo, and distributed in the progeny tissues [7] . In this regard, the increased dietary vitamins and the CX and 25-OH-D 3 mixture were more likely to be transferred to breeder eggs but not deposited in tissues of breeder females. This is highly consistent with the current observations on antioxidant and pigmentation status of breeder eggs, and suggest the possible use of maternal antioxidants and pigments to promote the quality of newly hatched ducklings.
Conclusions
HIGH vitamin premix made no effect on egg production and egg quality, but enhanced the antioxidant status of eggs and breeder males, and increased hatchability. The supplementation of the mixture of CX and 25-OH-D 3 increased egg shell quality and increased the pigmentation and antioxidant status of eggs and breeder males.
